The growth process of GaN layers grown by metalorganic chemical vapor deposition on sapphire is characterized by transmission electron microscopy and atomic force microscopy. The nitridation of the sapphire substrate and GaN buffer layers as well as film structure and the nature of defects are studied. Nitridation causes the formation of a 4 nm thick AlN layer on sapphire. GaN buffer layers grown at 510°C are found to be hexagonal single crystals in their as-grown state with a mosaic structure. Annealing of the buffer layers leads to substantial smoothening of their surfaces due to the coalescence of the grains. GaN layers themselves are single crystalline, hexagonal, and epitaxial to the substrate. Layers grown on exactly oriented ͑0001͒ type substrate as well as on miscut substrate are compared. Smooth surfaces have been achieved on exactly oriented and on miscut substrates as well, but the range of the deposition parameters is wider when miscut substrates are used.
I. INTRODUCTION
GaN is one of the materials used in optoelectronics for blue light emitting devices. [1] [2] [3] GaN occurs in two different crystalline polytypes. The cubic version is usually grown onto good quality and cheap cubic substrates such as GaAs, GaP, or Si. Usually, the formation of hexagonal GaN is detected in cubic GaN layers as well. The hexagonal ͑wurtzite͒ type GaN has received more attention both from the industry and from the research community and is the subject of the present study. GaN layers are grown by different techniques, the most promising ones being gas source molecular beam epitaxy ͑MBE͒ and metal organic chemical vapor deposition ͑MOCVD͒. Although several materials are used as substrates to grow hexagonal GaN ͑6H-SiC, ZnO, and Hf͒, sapphire is still a reasonable choice for that purpose as it is widely available at low cost. Growth of GaN on sapphire is usually carried out by a two-step procedure. 4, 5 In this procedure, a thin AlN or GaN buffer layer is deposited at low temperature before the growth of the thick GaN layer at high temperature. Very often the surface of the sapphire substrate is nitridated in an ammonia ͑NH 3 ) stream [6] [7] [8] [9] [10] [11] [12] before the two-step growth, while in other cases, the substrate is exposed to H 2 gas at high temperature. 12, 13 The formation of an AlN layer is detected on nitridated sapphire surfaces by diffraction techniques revealing crystalline layers. However, the only transmission electron microscopy ͑TEM͒ article known to us shows an amorphous layer on the top of nitridated sapphire. Nitridation of sapphire is one of the subjects of the present article. Our TEM images show the AlN layer formed as a result of the above process.
According to the results published in the literature very little attention is paid to the structure of the GaN buffer layer grown at relatively low temperature ͑400-600°C͒. Although in some works, the growth parameters are optimized based on the final quality of the thick GaN layers, confusing data and some speculations are published on the structure of the thin GaN buffer layers. There are results which clearly show that the buffer GaN layers are cubic in their as-grown state, 13 while other authors are of the opinion that the buffer layers are amorphous when deposited. 14, 15 In this article the structure of as-grown and annealed GaN buffer layers are shown in order to clarify this important step of the GaN growth.
Although the misfit in this system is high ͑13.8%͒ and the grown layers are defective, it is possible to grow a GaN layer onto sapphire with specular surfaces, which are essential to make optoelectronic devices from the grown layers. Therefore, we also focus on this property of the grown GaN layers. Usually, GaN/sapphire heteroepitaxial layers are grown on exact cut ͑0001͒ sapphire surfaces. MOCVD growth of epitaxial semiconducting layers on miscut substrates is a general technique, for example, to grow GaAs. However, very few studies can be found in the literature on the growth of nitrides on miscut ͑0001͒ sapphire, 16, 17 practia͒ Electronic mail: pecz@mfa.kfki.hu cally with no improvement of the layer structure. Only one article is known to us, 17 which shows better optical properties for GaN layers grown on misorented c-plane sapphire without giving structural information on the grown layers. In this article, the defect structure of GaN layers grown on exactly oriented and miscut sapphire is discussed as a consequence of the processes carried out and taking place during the film deposition procedure.
II. EXPERIMENT
GaN layers of about 1 m thickness were grown on ͑0001͒ sapphire by MOCVD at 600 mbar pressure and by using a two-step procedure. In all of the cases in this study, a 10-20 nm thick GaN nucleation layer was deposited at 510°C. The ramp of temperature from 510°C to the growth temperature took 10 min. The growth temperature of the thick GaN layer varied between 960 and 1000°C. Before the two-step growth procedure, nitridation of the sapphire substrate was carried out introducing ammonia into the reactor at the growth temperature ͑about 1000°C͒ for 5 min. Triethylgallium ͑TEG͒ and ammonia ͑NH 3 ) were used as Ga and N sources. Both exact and miscut ͑3.5°off toward the Ϫ2,1,1,0 axis͒ substrates were used.
Cross-sectional and plan-view specimens were prepared for TEM by ion milling. 18 Conventional electron microscopy was carried out in a Philips CM 20 microscope operating at 200 kV, while the high-resolution images were taken in a JEOL 4000 EX microscope at 400 kV. Atomic force microscopy ͑AFM͒ and optical microscopy were used to characterize surface morphology of both the buffer layers and the grown GaN films. High-resolution x-ray diffractometry was also used to characterize the final quality of the thick GaN layer via the measured full width at half maximum ͑FWHM͒ values of the ͑0002͒ and ͑1,1,Ϫ2,4͒ GaN peaks.
III. RESULTS AND DISCUSSION

A. Nitridation of the substrate
Results of the nitridation process were investigated only after the films have been grown onto the nitridated surfaces. From conventional TEM images the wavy nature of the GaN/sapphire interface could be established. High-resolution images, taken from the GaN/sapphire interface, show an about 4 nm thick region at the interface that is hexagonal AlN ͑Fig. 1͒. Phase identification was carried out on the bases of the lattice spacings measured from high-resolution electron microscope ͑HREM͒ images. Small ͑15-20 nm long͒ grains of cubic AlN were found as well at the h-AlN/ sapphire interface ͑Fig. 1͒. This means that GaN buffer layers are grown onto a thin h-AlN layer, but not onto the cubic AlN grains. Hence, the hexagonal surface layer is obviously more advantageous for the growth of a hexagonal buffer. The observed AlN layer can be considered as single crystalline and epitaxial to the sapphire substrate with the same orientational relationship as found for GaN. The AlN surface layer must have formed by reaction of the substrate with the nitrogen precursor during the nitridation process. The above solid phase reaction can explain the wavy nature of the interface. The first reaction product during the nitridation process might be cubic AlN, which is very rarely detected in different ͑rocksalt and zincblende͒ crystal structure, and in small quantities only. Here, the more common rocksalt version of AlN is observed. 19 This type of AlN is usually observed when thick AlN layers are grown at the beginning of the growth and later it turns to hexagonal AlN even in the case of cubic substrates. 20 Our results agree well with most of the results published up to now 6, 7, 10 as the formation of crystalline AlN in the nitridation process of sapphire was observed by diffraction techniques. In this article, however, we show a TEM image of the AlN layer formed with further, earlier unknown details. Contradictory results have been published by Uchida et al. 8, 9 who found an amorphous AlN layer with substantial oxygen content investigating the as-nitridated surface of sapphire by cross-sectional TEM. It is obvious to us that this reaction product ͑AlN͒, once formed at the highest temperature ͑1000°C͒ in the whole growth cycle, could not be formed by recrystallization during the buffer layer growth ͑at 510°C͒ or at the slightly lower growth temperature of the thick GaN layer ͑990°C in this case͒. The crystalline nature of the as-formed AlN layers during nitridation is also shown by in situ results of three other laboratories. 6, 7, 10 On the other hand, we strongly believe that crystalline AlN layers formed in the above reaction can be a suitable surface for the growth of a crystalline GaN, which is epitaxial to the sapphire substrate. When GaN is deposited onto an amorphous AlN layer, 8, 9 the final epitaxy to the sapphire substrate is not explained. Details of the TEM sample preparation applied by Uchida et al. 8, 9 are unknown, but we should point out, that usually during the ion milling of TEM samples an amorphous layer of the TEM sample is formed, which appears as an amorphous layer at the edge of the TEM sample and this should be taken into account when a thin layer is investigated on a substrate in cross section. In our case the formation of this amorphous edge is minimized because of two reasons. First, we always apply a low angle ion bombardment for the thinning of TEM sample, 21 and second, the sample was finally thinned at 250 V by Ar ions 22 to minimize the ion damage. 
B. Growth and structure of the buffer layers
The quality of the GaN buffer layer, that is formed during the early stage of the growth, is very important for the perfection of the subsequently deposited GaN film. For this reason, the structural characteristics of the GaN buffer layers deposited at low temperatures and subsequently annealed were studied by combined cross-section TEM ͑XTEM͒ and plan view TEM ͑PVTEM͒ observations. Buffer layers with two different thicknesses were investigated in cross section. The nominal thickness of the thicker and thinner layer was 22.5 and 11 nm, respectively. XTEM gave consequently lower values for the thickness of the above layers, i.e., 17.5 nm for the thicker and 8.5 nm for the thinner one.
A GaN buffer layer deposited onto the nitridated sapphire surface ͑miscut by 3.5°͒ at 510°C, is shown in the XTEM micrograph in Fig. 2͑a͒ . The as-grown buffer layer is continuous and practically is single crystalline. It obeys the orientational relationship observed in thick GaN layers as shown in Fig. 3 , confirming the hexagonal nature of the asgrown buffer layer. The as-grown cubic GaN buffer layers reported by Wu et al. 13 indicate how sensitive the growth process is to the growth parameters and the precursors used for the nitridation. In our case, NH 3 was used instead of N 2 , also TEG was used instead of TMG as the gallium precursor.
The pretreatment of the sapphire substrate in ammonia or in nitrogen leads to different structure of the grown GaN layer as was reported in the comparative study of Hwang et al. 12 The buffer layer has a mean thickness of 17.5 nm and consists of slightly misoriented grains with a mean size of 18 nm, as shown in Fig. 2͑a͒ . The small misorientation of the grains is also revealed from the elongated spots of the GaN buffer layer shown in Fig. 3 . The tooth shape morphology of the film, gives a high roughness corresponding to 25% of the total thickness of the film, as shown in Fig. 2͑a͒ .
Planar-view observations of the same specimen were performed by thinning the sample only from the backside so that only the GaN film and a very thin sapphire layer were left. The electron beam was exactly parallel to the c axis so that three sets of moiré patterns of the displacement type were formed, as shown in Fig. 4͑a͒ . Moiré patterns were formed by the imaging of the electron beams originating from the two superposed lattices. The related diffraction spots, which reveal the double diffraction of the electron beam are shown in Fig. 3͑b͒ together with an explanation in Fig. 3͑c͒ . Various defects and local strain variations result in the observed fringe irregularities. The spacing of the moiré pattern is very sensitive to any deviation in the lattice spacing of the two overlapping lattices. The spacing D of the moiré pattern is given by the following equation:
where d GaN and d S are the lattice spacing for the 101 0 and 112 0 reflections for GaN and sapphire, respectively. 23 Therefore, small changes in the quantity of d GaN Ϫd S result in significant changes of the spacing of the moiré pattern. Very often groups of moiré patterns are rotated compared with the neighboring patterns revealing the presence of slightly misoriented grains, denoted by the circle in Fig. 4͑a͒ . The mosaic nature of the grains is revealed by low magnification PVTEM micrographs from which the mean grain size was estimated to be 18 nm.
The remaining misfit due to the residual strain was deduced by comparing the theoretical D spacing of the moiré pattern from Eq. ͑1͒, with the experimental one. Thus, the theoretical D spacing for the reflections 101 0 and 112 0 for GaN and sapphire, respectively, was found to be 1.728 nm. The periodicity of the moiré pattern for the same reflections measured in Fig. 4͑a͒ was found 1.87 nm, which corresponds to a 1.1% misfit due to residual strain. It is evident that the GaN buffer layer is almost relaxed. From the total 13.8% misfit in the GaN/sapphire system, 1.1% remains as residual strain and the 12.7% was relieved by misfit dislocations at the interface.
The small arcs in the diffraction pattern in Fig. 3͑b͒ and the rotation of the moiré pattern in Fig. 4͑a͒ , strongly suggest that the various island nuclei are not restricted to have a parallel epitaxy relative to the substrate. The actual misorientation (Q) of the GaN lattice compared with the substrate can be estimated from the following equation:
where R is the misorientation of the moiré pattern and ␦ is the misfit of the GaN/sapphire system, which is 0.138. Rotation of the moiré pattern up to Rϭ24°was observed in the PVTEM micrograph in Fig. 4͑b͒ , taken under a two-beam condition by the 101 0 and 112 0 reflections for GaN and sapphire, respectively, so that only one set of moiré pattern was formed. From Eq. ͑2͒ the actual misorientation Q of the lattice is 3.3°. Selected area electron diffraction ͑SAED͒ patterns show a maximum misorientation of Ϯ5°. The difference can be due to the fact that SAED pattern is probing a large area where misorientations are averaged. Significant changes occur in the morphology of the asdeposited GaN buffer layers when the temperature raises to 980°C, which is the growth temperature of the thick GaN film. The XTEM micrograph in Fig. 2͑b͒ shows the buffer layer subjected to a ramping annealing to 980°C with a ramping rate of 47°/min. During this process, the mean grain size was increased to 50 nm followed by a significant smoothening of the surface. The roughness of the buffer layer was measured by AFM giving an rms ͑root-meansquare͒ value of 1.9 nm. It is evident that during the ramping annealing secondary recrystallization occurs, which is related to the movement of the grain boundaries, increasing the grain size. The secondary recrystallization is also related to significant mass transport at the surface, which reduces the roughness and consequently the surface energy of the film. The periodicity of the moiré pattern ͓Fig. 4͑c͔͒ in the annealed specimen was found to be 1.82 nm, which corresponds to a residual strain of 0.8%, revealing a further relaxation of the GaN buffer layer. After annealing the moiré pattern is more regular, as shown in Fig. 4͑c͒ , which is related to the increase of the grain size. After annealing the mosaic structure was reduced but not eliminated. This is evi -FIG. 4 . Moiré images taken on plan view buffer GaN layers. ͑a͒ 22.5 nm thick, deposited at 510°C, ͑b͒ the same at two-beam condition, ͑c͒ same layer as before, but annealed at 980°C, 11 nm thick buffer deposited at 510°C and annealed at 980°C. dent from the PVTEM micrograph of the standard 1500 nm thick GaN film, which was thinned close to the interface, as shown in Fig. 5 . Blocks surrounded by dislocations are evident, revealing dislocations at the grain boundaries which are the origin of threading dislocations in the thick GaN film.
The size of the grains in the buffer layers depends on the thickness of the film. The mean grain size of a 8.5 nm thick buffer layer annealed at 980°C is only 12 nm, as shown in the XTEM bright and dark field micrographs in Figs. 2͑c͒ and 2͑d͒, respectively. Due to the smaller size of the grains the moiré patterns, shown in Fig. 4͑d͒ , are not as regular as they were in Fig. 4͑c͒ . The mean periodicity of the moiré pattern for the reflections 101 0 ͑GaN͒ and 112 0 ͑sapphire͒ was Dϭ1.86 nm. This value gives a residual misfit of 1.4% which is higher than for the nonannealed GaN buffer layer shown in Fig. 4͑a͒ . However, the thinner buffer layer exhibits a lower rms roughness value of 0.6 nm, as AFM measurements ͑Fig. 6͒ revealed. Low roughness of the buffer layer is important for the growth of GaN films with specular surfaces. A nominal thickness of 11 nm is the optimum for the buffer layers.
As discussed above, the surface of the as-grown buffer layers ͓Fig. 2͑a͔͒ is composed of tiny pyramidal grains, which makes AFM imaging of the surface unrealistic since instead of the imaging the surface tips, these will image the shape of the probing tip. 24 ͑This phenomenon should be taken into account when AFM images of thin layers are evaluated and worth making a control measurement by another technique, what was TEM here.͒ However, on annealed buffer layers we can obtain information on the surface morphology of the GaN buffer layers from AFM. It reveals the arrangement of the GaN mosaic blocks along the steps of the sapphire substrate ͓Fig. 6͑a͔͒. In order to avoid artefacts, samples were measured at different positions relative to the scanning direction of the AFM tip, and only those structures were accepted which remained invariant to sample rotations relative to the scanning direction. According to measurements there are terraces on the substrate and on the surface of the GaN buffer layer, which are about 1 nm high and are about 200 nm apart from each other ͓Fig. 6͑a͔͒. The stepped nature of the buffer layers, following the steps of the substrate can be the factor determining the minimum thickness at which a buffer layer becomes continuous at the given 6 . AFM images of buffer GaN layers annealed at 980°C. ͑a͒ 22.5 nm thick buffer layer ͑rms roughness value is 1.9 nm͒, ͑b͒ 11 nm thick buffer layer ͑rms roughness value is 0.6 nm͒. growth temperature. The above results are in good agreement with the results of Nakamura, 5 who also found a very thin buffer layer to be the best by x-ray and electrical tests.
C. The growth processes and defect formation in GaN layers
To characterize the structure of the as-grown thick GaN layers, x-ray peak width measurements, XTEM and AFM investigations were carried out. By these techniques we collected general and averaged information on the overall structure of the films from the x-ray measurements, and determined defect nature and distribution from XTEM measurements, also obtaining relatively local information on surface smoothness. AFM was used to characterize the surface further.
Distribution of defects
A typical GaN layer grown by MOCVD is shown in Fig.  7͑a͒ . The grown GaN layers are hexagonal and epitaxial to the sapphire substrate as seen in the selected area diffraction pattern in Fig. 7͑b͒ . The well known epitaxial relationship can be observed:
On the cross section of a typical GaN layer ͓Fig. 7͑a͔͒ threading dislocations can be observed. These defects, originating from the buffer layer, are supposed to be the continuation of the growth of dislocations formed in the boundaries of the blocks in the buffer layer. Detailed Burgers vector analysis of the same defects can be found in the work of Ning et al. 25 Besides the threading dislocations, there is another type of defects traversing the whole layer, which appear extremely straight and crystallographically confined. These are planar defects and some of those are marked by arrows in Fig. 7͑a͒ . A closer investigation showed that these planar defects originate from the nucleation layer and form hexagonal prisms in the GaN layer. The sizes and geometry of these prisms resemble the so-called nanotubes in GaN. The hexagonal cross section of these defects was revealed by TEM of lateral sections of the samples. Figure 8͑a͒ shows diffraction contrast images of the prisms. The number of these defects is nearly the same as that of threading dislocations. The stripes showing the zebra contrast in Fig. 8͑b͒ correspond to prisms, while dislocations show the usual oscillating contrast.
The boundaries of the above hexagonal prisms are often observed in cross section and described as inversion domain boundaries. [26] [27] [28] [29] [30] A hexagonal prism is shown in Fig. 9 in cross section near to the buffer layer region. Considering this rod the polarity of the hexagonal GaN crystal is reversed inside and outside the rod as determined by convergent beam electron diffraction. 31 Looking at a region close to the interface ͑i.e., the buffer layer region and above͒ dislocation loops can be observed as well. Most of them are half loops, but in some cases a whole loop is observed as well, a bit farther from the interface toward the surface at about half thickness of the layer. This supports the results of Ning et al. who have found that the half loops originated at the interface and expanded on the ͑1,Ϫ1,0,0͒ prism planes as glide dislocations. 25 Gliding might be the explanation for the whole loops we have found in some cases.
In the low temperature grown buffer layer region, planar defects parallel to the substrate surface as well as height differences ͑steps͒ of buffer layer domains 25 were observed. HREM images ͑Fig. 9͒ show that the rods of inversion domains are always associated with steps in the buffer layer.
Surface of the GaN layers
Our earlier optical microscopy study 32 revealed that several extended defects ͑pyramids͒ can be found even on specular GaN surfaces. The main conclusions of that optical study were the following: ͑1͒ The observed extended defects are larger when GaN is grown on exactly oriented sapphire than in the case of the miscut substrate. ͑2͒ The density of the extended defects is lower in the case of miscut substrate than in the case of exactly oriented sapphire. AFM images ͑Fig. 10͒ revealed that those features have a very regular shape, hexagonal based pyramids. The appearance of those pyramids is a general problem in the growth of GaN layers. The typical size of the base diameter is about 10-20 m, but some very large ones ͑close to 100 m͒ were observed as well ͓Fig. 10͑a͔͒. The typical height of the pyramids is about 2-3 m ͑measured by line scan by AFM͒. Some of the pyramids are truncated, displaying large ͑0001͒ type GaN faces on the top with a height of about 0.5 m ͓Fig. 10͑b͔͒. On miscut substrates, these pyramids are tilted relative to the sample surface.
The origin of the pyramids is not clear. No screw dislocations are revealed in the center of the pyramids as the contour lines of the ͑0001͒ planes are not spiral, but closed, according to the AFM images. Evidently the pyramids were formed as the result of local and repeated nucleation of ͑0001͒ two-dimensional islands on the growth surface, with the nucleation center being the tip of the pyramid. The terraces on the pyramid were formed as the result of delayed nucleation of certain planes.
The surface of the nearby area around the pyramids shows growth steps ͓Fig. 10͑b͔͒, aligned in the ͓1,1,Ϫ2,0͔ GaN direction, indicating the migration of the growth steps on the surface in the ͓1,Ϫ1,0,0͔ direction, parallel to the intersection line of the pyramid with the flat surface. The foot of the pyramids is situated at different heights relative to the tip of the pyramid on different sides of the pyramid. As a rule, a deeper going foot on the shadow side of the gas flow is observed which means pinning of the growth steps by the pyramids formed.
There are many growth steps on the surface of the GaN film. These steps are created by pinning and accumulation of smaller steps, due to the tendency to build ͑0001͒ terraces on the miscut surface. This can play a role in the formation of the hexagonal pyramids as well, since large enough ͑0001͒ GaN facets can serve as sites for homogeneous nucleation of two-dimensional nuclei. Continuous nucleation on GaN ͑0001͒ builds the pyramids. Impurities may play some role in this process, both by stopping the growth steps and starting the nucleation of the ͑0001͒ planes from a given center.
There is no reliable explanation available for the formation of the large hexagonal pyramids which are present even on specular surfaces of GaN. Sometimes the formation of those features is explained by the different polarities of GaN inside and outside the hexagonal rods assuming that different polarities means different growth rate as well. However, the growth mode depends on other parameters as well ͑e.g., nitridation, buffer layer quality, etc.͒ and this is the reason why not all of the inversion domains ͑hexagonal rods͒ grew out from the average surface substantially. Figure 11 shows a typical inversion domain in cross section reaching the surface of the GaN layer. The step height above such a rod is a few atomic layers only and does not explain why the formation of the macroscopic hexagonal pyramids have been observed on the surface.
D. Effect of the substrate miscut onto the final quality of the GaN layers
GaN layers with specular surface were grown at 990°C on exactly oriented ͑0001͒ sapphire surface with the buffer layer thickness of 15 nm ͓Fig. 12͑a͔͒ as well as on miscut sapphire substrate in the same growth cycle ͓Fig. 12͑b͔͒. FWHM data for the ͑0002͒ peak of GaN are 272 arcsec for the exact and 450 arcsec for the miscut substrate, while for the ͑1,1,Ϫ2, 0͒ peak of GaN 142 arcsec for the exact and 230 arcsec for the miscut were obtained. This is in agreement with the TEM cross sections shown in Figs. 12͑a͒ and 12͑b͒ as the GaN layer grown on exactly oriented sapphire shows lower defect density. This suggests that GaN layer ought to grow on exactly ͑0001͒-oriented sapphire only. However, we will show below that a small deviation from the optimum value of one of the growth parameters ͑growth of temperature, buffer layer thickness͒ leads to the formation of GaN layer with rough surfaces when it is grown onto exactly oriented sapphire, while GaN layers are grown with still specular surfaces onto miscut substrates when the growth parameters are not kept at the optimum values. The growth of GaN onto miscut substrates can be optimized further and will lead to lower defect density. ͑It is worth pointing out here that the above layers were grown on 15 nm thick GaN buffer layer, which is thicker than the optimized thickness of the buffer layer, although is not very far from that.͒ When the buffer layer is thicker, the surface of the high temperature grown GaN layer is rough. An example is shown in Fig. 12͑c͒ , where the buffer layer is 22.5 nm thick and the surface of the GaN layer grown at 990°C is faceted. The large step ͑about 50 nm high͒ on the surface is the top region of a V-shaped part in the GaN layer, which originates in the buffer layer. Coalescence of the grains of the buffer layer preserved probably a longer crystallite from which the above single crystal grew ͑it is also epitaxial to the sapphire substrate͒. This explanation is supported by the defect free nature of the V-shaped region.
When the growth temperature was decreased to 960°C, the surface of the GaN layer became completely rough even grown onto 15 nm thick buffer layer ͑close to the optimized value of 11 nm͒, however, GaN layers with specular surfaces can be grown onto miscut ͑3.5°off͒ substrate onto 22.5 nm thick buffer layer even at lower temperature as it is shown in Fig. 12͑d͒ where the deposition temperature was 960°C. As this sample was grown even farther from the optimum conditions than ͑thicker buffer layer and lower deposition temperature͒ the one shown in Fig. 12͑b͒ , the FWHM data obtained for this sample ͓shown in Fig. 12͑d͔͒ show higher defect density: 549 arcsec for the ͑0002͒ and 284 arcsec for the ͑1,1,Ϫ2,4͒ peak of GaN.
When a GaN layer is deposited on exactly oriented ͑0001͒ sapphire with the same parameters as above, the surface of the grown layer is rough. This means that mirror-like GaN layers can be grown onto miscut substrate at lower temperature than onto exactly oriented substrate. The range of the optimal deposition parameters to obtain layers with specular surfaces can be extended by using miscut substrates.
The growth of the GaN layers onto miscut substrates were optimized further and layers with lower defect density were grown at 998°C onto an 11 nm thick buffer layer ͑Fig. 13͒. The FWHM data obtained for this sample indicate sub- stantially lower defect density: 155 arcsec for the ͑0002͒ and 168 arcsec for the ͑1,1,Ϫ2,4͒ peak of GaN. Now, when we compare two GaN layers grown onto miscut substrate far from the optimum deposition conditions ͓Fig. 12͑d͔͒ and at optimum growth conditions ͑Fig. 13͒, we can see that the FWHM data for the symmetric ͑0002͒ GaN peak was decreased to one third of the earlier value and the asymmetric one ͑1,1,Ϫ2,4͒ was decreased to almost the half of the earlier value. It should be emphasized that both of the above layers show specular surfaces. The top region of the above two layers are shown in Fig. 14 showing very high number of defects in the layer grown far from the optimum conditions ͓Fig. 14͑a͔͒ and obviously lower number of defects in the layer grown at optimized conditions ͓Fig. 14͑b͔͒.
Hiramatsu et al. 16 have observed macrosteps on the surface of GaN layers grown on miscut sapphire. However, this can be understood because they did not apply nitridation in their pioneering work and also the temperature and thickness of the buffer layer were not optimized. Higher photoluminescence intensity was measured for the films grown on misoriented substrates by Grudowski et al. 17 which shows even better quality for the layers grown on miscut substrate.
IV. SUMMARY
The cubic version of GaN has not been observed in our samples. The investigated layers do not contain empty nanotubes either, although the formation of those features is proven at certain growth conditions. [33] [34] [35] Most of the crystallographic defects in the investigated GaN films arise from the nitridation process and from the nucleation layers. Nitridation before GaN growth results in the formation of a buffer AlN layer, of about 4 nm thickness. The formation of an AlN layer due to the nitridation process is reported by other authors as well.
High number of defects are present in GaN layers grown onto sapphire by MOCVD. Nearly half of the defects in the hexagonal, epitaxial GaN layers are dislocations while the other half of the defects are hexagonal rods filled up with the same material with another polarity. The rods show hexagonal shape in plan view and very sharp, straight boundaries traversing the whole layer from the buffer layer region to the top surface in cross section. The hexagonal columns are surrounded by inversion domain boundaries. There is a few atomic layer high step above each of the inversion domains when the GaN film shows a specular surface.
The range of the optimal deposition parameters can be extended by using miscut sapphire substrates.
